Background: Systemic ketamine can trigger apoptosis in the brain of rodents and primates during susceptible developmental periods. Clinically, spinally administered ketamine may improve the duration or quality of analgesia in children. Ketamineinduced spinal cord toxicity has been reported in adult animals but has not been systematically studied in early development. Methods: In anesthetized rat pups, intrathecal ketamine was administered by lumbar percutaneous injection. Changes in mechanical withdrawal threshold evaluated dose-dependent antinociceptive and carrageenan-induced antihyperalgesic effects in rat pups at postnatal day (P) 3 and 21. After intrathecal injection of ketamine at P3, 7, or 21, spinal cords were examined for apoptosis (Fluoro-Jade C and activated caspase-3), histopathologic change, and glial responses (ionized calcium-binding adapter molecule 1 and glial fibrillary acid protein). After maximal doses of ketamine or saline at P3 or P21, sensory thresholds and gait analysis were evaluated at P35. Results: Intrathecal injection of 3 mg/kg ketamine at P3 and 15 mg/kg at P21 reverses carrageenan-induced hyperalgesia. Baseline neuronal apoptosis in the spinal cord was greater at P3 than P7, predominantly in the dorsal horn. Intrathecal injection of 3-10 mg/kg ketamine in P3 pups (but not 15 mg/kg at P21) acutely increased apoptosis and microglial activation in the spinal cord and altered spinal function (reduced mechanical withdrawal threshold and altered static gait parameters) at P35. Conclusions: Because acute pathology and long-term behavioral change occurred in the same dose range as antihyperalgesic effects, the therapeutic ratio of intrathecal ketamine is less than one in the neonatal rat. This measure facilitates comparison of the relative safety of spinally administered analgesic agents.
T
HERE is increasing evidence that systemic general anesthetics with N-methyl-D-aspartate (NMDA) antagonist or ␥-aminobutyric acid agonist action can trigger apoptosis within the brain of rodents and primates [1] [2] [3] during susceptible developmental periods. Apoptosis or programmed cell death is part of a normal developmental process for removal of redundant neurons, but increased apoptosis after systemic neonatal exposure to anesthetics has been associated with alterations in behavior as well as deficits in learning and memory. 4, 5 Regional anesthesia has been suggested as an alternative to avoid or reduce general anesthetic exposure, 6 but the potential for apoptosis and local toxicity after spinal administration of anesthetic and analgesic drugs has not been evaluated in early developmental models. One agent of particular interest is the NMDA antagonist ketamine. Systemic administration of ketamine produces dosedependent apoptosis in rodents [7] [8] [9] and primates. 10 -12 Clinically, ketamine may be administered not only systemically but also spinally in combination with local anesthetic to prolong the duration or improve the quality of analgesia. 13 Surveys in the United Kingdom reported that 32% of pediatric anesthetists added ketamine to caudal local anesthetic 14 and that 15% added ketamine to epidural boluses or infusions. 15 However, ketamine-induced spinal cord toxicity has been reported in adult animals, and the safety of spinal ketamine in children has been questioned. 16 Although the majority of controlled trials investigating analgesic efficacy of spinal ketamine has been conducted in children older than 6 months, 13 some studies have included infants 17, 18 and neonates. 19, 20 In early life, the potential for spinally administered ketamine to produce apoptosis in the spinal cord is an additional concern, over and above issues of local toxicity related to different preparations of the drug. Prolonged general anesthesia in postnatal day (P) 7 rats increased apoptosis in the spinal cord, 21 but effects at different ages were not evaluated. As age-related and regional differences in susceptibility to apoptosis after NMDA antagonists have been noted in the brain, 22 effects of spinally administered ketamine on apoptosis in the spinal cord at a range of postnatal ages require investigation.
Using our recently developed model for preclinical safety evaluation of spinal drugs in neonatal rats, 23 we examined the effects of intrathecal ketamine in rats aged P3, P7, or P21. Spinal cords were examined for apoptosis using Fluoro-Jade C and activated caspase-3 immunohistochemistry, histopathologic change with hematoxylin and eosin staining, and glial responses with ionized calcium-binding adapter molecule 1 (Iba1) and glial fibrillary acidic protein immunohistochemistry. In addition, long-term functional outcomes were assessed at P35 by changes in sensory thresholds and gait analysis. Finally, the antihyperalgesic dose of ketamine was determined, and a therapeutic index was calculated (toxic dose/analgesic dose) to allow comparison of the relative safety with other spinally administered analgesic agents.
Materials and Methods
All experiments were carried out according to protocols approved by the Institutional Animal Care and Use Committee of the University of California San Diego, La Jolla, California (under the Guide for Care and Use of Laboratory Animals, National Institutes of Health publication 85-23, Bethesda, Maryland). Timed pregnant Holtzman rats were obtained (Sprague-Dawley; Harlan, Indianapolis, IN) and housed in a 12-h light-dark cycle with free access to food and water. On P3 or P7, pups were randomly assigned to treatment groups containing equal numbers of males and females, and if necessary litters were culled to a maximum of 12 pups. Pups were kept under radiant heat during treatment to maintain body temperature. The duration of maternal separation was minimized and was the same for control and treatment animals. Pups were weaned into same-sex cages at P21. Separate groups of male and female, P17-19, Holtzman rats were assigned to treatment groups at P21. Animals were regularly monitored and maintained until further testing at 5 weeks of age.
Intrathecal Injection Technique
Pups were anesthetized with isoflurane (3-5%) in oxygen and air. Percutaneous intrathecal injections were made at the low lumbar level (intervertebral space L4 -5 or L5-L6) with a 30-gauge needle perpendicular to the skin. Injectate volumes of 0.5 l/g body weight (previously determined to produce spread across lumbar and low thoracic segments in rat pups 23 ) were delivered using a hand-driven microinjector (P3 and P7) or a 50-l Hamilton syringe (P21).
Dose-Response of Intrathecal Ketamine in Rat Pups
Intrathecal ketamine doses are limited by motor weakness or excitation, but these effects have been reported at doses between 0.2 and 3 mg/kg in adult rodents. 24 -26 Therefore, in pilot experiments, increasing doses of preservative-free ketamine hydrochloride (Sigma-Aldrich, St Louis, MO) dissolved in sterile saline were administered to P3 and P21 pups to determine the maximum tolerated dose at each age. In P3 pups, 0.1-0.3 mg/kg ketamine produced no change in behavior or mechanical withdrawal threshold, 3 and 10 mg/kg produced increasing initial sedation, and higher doses were lethal. In P21 pups, 15 mg/kg intrathecal ketamine produced initial mild excitation, and higher doses were lethal. To assess acute toxicity, spinal cords were harvested 24 h after the following intrathecal ketamine injections:
i. P3 pups received 3 or 10 mg/kg (mean body weight of 10 g giving a nominal injection volume of 5 l of 6 or 20 mg/ml ketamine and average total dose per animal of 30 or 100 g); ii. P7 pups received 3 or 10 mg/kg (mean body weight of 16 g giving a nominal injection volume of 8 l of 6 or 20 mg/ml ketamine and average total dose per animal of 48 or 160 g); iii. P21 pups received 15 mg/kg (mean body weight 60 g giving nominal injection volume of 30 l of 30 mg/ml ketamine and average total dose per animal of 900 g).
Mechanical withdrawal thresholds were measured at baseline, 30 min after injection, and before terminal anesthesia
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(100 mg/kg intraperitoneal pentobarbital) at 7 days. In addition, to assess apoptosis at an earlier time point, P3 or P7 pups received 10 mg/kg intrathecal ketamine, and spinal cords were harvested at 6 h. In adult rodents, antihyperalgesic effects of intrathecal ketamine have been demonstrated in tissue injury models. Therefore, hindpaw inflammation was induced in P3 or P21 pups, and changes in mechanical withdrawal threshold were used to evaluate acute antihyperalgesic effects of intrathecal ketamine. Pups were lightly restrained on a flat bench surface, and calibrated von Frey hairs (Stoelting, Wood Dale, IL) that deliver increasing mechanical stimuli (0.4 -60 g) were applied to the dorsal surface of the hindpaw five times at 1-s intervals. The number of evoked flexion withdrawals was recorded, and the maximum force applied was that which evoked five withdrawal responses. 27 Animals were anesthetized with isoflurane (3-5%) in oxygen and air, and 1 l/g of 2% lambda carrageenan (Sigma-Aldrich) was injected into the mid-plantar surface of the left hindpaw. Mechanical withdrawal thresholds were again determined 3 h after carrageenan. Then, under brief anesthesia, 0.5 l/g intrathecal saline or ketamine (P3: 0.03, 0.3, or 3 mg/kg; P21: 1.5, 5, or 15 mg/kg; n ϭ 4 -6 for all groups) was administered via percutaneous injection. Mechanical withdrawal thresholds were measured 30, 60, and 120 min after injection, with the investigator unaware of the treatment allocation.
Spinal Cord Preparation and Staining
Details of the perfusion fixation and tissue preparation were similar to that described in the companion manuscript. 23 In brief, terminally anesthetized animals were transcardially perfused with saline followed by 4% paraformaldehyde, and spinal cords were dissected under a microscope. Distances from the injection site caudally to the end of the dissected cord and proximally to the lumbar enlargement were noted. Tissue was postfixed in 4% paraformaldehyde and then transferred to sucrose. Transverse blocks of the spinal cords caudal to the lumbar enlargement and just rostral to the level of injections were sectioned using a cryostat at 7 and 14 m, mounted on Fisher Superfrost Plus (Fisher Scientific, Houston, TX) slides, and then stored at Ϫ70°C. Histology. Full details of the histopathology procedures are presented in the accompanying article. 23 In brief, 7-mthick spinal cord sections taken from all experimental groups 1 and 7 days postinjection were evaluated by a neuropathologist (M.G.), who was unaware of the treatment group. Hematoxylin and eosin-stained sections were examined for histopathologic changes (evidence of cell injury or death, tissue necrosis, gliosis, inflammation, or other changes). At least four sections were examined for each animal. Fluoro-Jade C. Fluoro-Jade C (Chemicon, Temecula, CA) staining was performed as previously described 28 on 14-mthick spinal cord sections prepared from tissue collected 6 or 24 h after intrathecal injection. Slides were coded, examined with the appropriate wavelength fluorescent microscopy, and an investigator unaware of the treatment group counted the number of immunofluorescent cells and noted their distribution in the dorsal horn, ventral horn, or adjacent to the central canal. Counts from at least four nonconsecutive sections of lumbosacral cord from each animal were averaged for statistical analysis. Activated Caspase-3. To further assess apoptosis, tissue obtained from P3 and P7 animals 6 or 24 h after intrathecal injection was stained for activated caspase-3 (1:100 Cell Signaling, Beverly, MA). Slides were coded, and the number and location (dorsal horn, ventral horn, or adjacent to central canal) of caspase-3-immunoreactive cells were counted under light microscopy by an investigator unaware of the treatment group. Glial Fibrillary Acidic Protein and Ionized Calcium Binding Iba1. Tissue obtained 7 days after intrathecal injection was stained with primary antibodies against astrocyte (1:500 mouse antiglial fibrillary acidic protein; Chemicon) and microglial (1:1,000 rabbit anti-Iba-1; WAKO, Richmond, VA) markers. Spinal cord sections were imaged using the same settings on a microscope (Olympus BX51 microscope with appropriate wavelength fluorescence illuminator; Olympus America, Inc., Center Valley, PA) equipped with a digital camera and image-capture software (Image Pro Plus software; Media Cybernatics Inc., Silver Spring, MD). As described in the accompanying article, 23 spinal cord sections taken 3 days after intraspinal injection of 0.4 l 20 nM NMDA provided a positive control for glial activation.
Using Image-J# coded Iba1 immunohistochemistry sections were analyzed after colorsplit using the green channel only, then were manually given an individual threshold for background subtraction and analyzed for area fraction (area of positively stained cells as a percentage of total area ϭ 1,280 ϫ 1,024 pixels). The mean values from four nonconsecutive sections of lumbosacral cord for each animal were calculated, and treatment groups containing n ϭ 4 animals were statistically analyzed.
Evaluation of Long-term Functional Outcomes after Intrathecal Ketamine
Maximum doses of intrathecal ketamine were administered to P3 (10 mg/kg) or P21 (15 mg/kg) pups. Preservative-free ketamine hydrochloride (Sigma-Aldrich) was prepared in sterile saline immediately before injection. Control animals received intrathecal saline. Each treatment group comprised 9 or 10 animals, with five males and four or five females. Pups were regularly monitored after injection. Body weight, hindlimb mechanical withdrawal threshold and thermal latency, and gait parameters were measured at 5 weeks of age, with investigators unaware of the treatment allocation.
At P35, mechanical withdrawal thresholds were determined using a modified version of the up-down method with calibrated von Frey hairs applied to the plantar surface of the hind paw, as previously described. 29 Rats were allowed # Image Processing and Analysis in Java. to acclimatize for at least 30 min in a clear plastic cage with a wire mesh bottom. The 50% paw withdrawal threshold was determined with a series of von Frey filaments (Stoelting) beginning with a buckling weight of 2.0 g up to a maximum of 15 g. If paw lifting occurred the next weaker filament was applied, but if application of the filament for 5 s did not elicit a withdrawal response the next stronger filament was used.
Thermal withdrawal latency was determined using a modified Hargreaves Box 30 (University Anesthesia Research and Development Group, University of California, San Diego, La Jolla, CA), consisting of a glass surface (maintained at 30°C) on which the rats were placed in individual Plexiglas cubicles. The thermal nociceptive stimulus originates from a focused projection bulb positioned below the glass surface. A timer was activated by the light source, and latency was defined as the time required for the paw to show a brisk withdrawal, as detected by photodiode motion sensors that stopped the timer and terminated the stimulus. In the absence of a response within 20 s, the stimulus was terminated (cut-off time). Three measures were obtained from each hindpaw and latency expressed as mean Ϯ SEM.
The CatWalk system (Noldus Information Technology, Wageningen, The Netherlands) was used to evaluate and quantify changes in static and dynamic gait parameters, as previously described. 31 Animals were placed on a glass runway containing light that is internally reflected until paws touch the glass and light up the area of contact. A video camera below the runway collected images, and data were acquired using the CatWalk 7.1.6 software. At P22-25, rats were placed on one end of the runway and allowed to explore the environment for about 5 min for 3 consecutive days. Animals then commenced a training paradigm, as previously described. 31, 32 Briefly, animals were deprived of food for at least 3 h before testing and then were allowed to spontaneously cross the runway toward food rewards positioned at the farther end. Training continued for 2 weeks and crossings were recorded when the animals reached P35, which met the following two criteria: (1) a maximal time of 2 s for crossing the 60-cm-long part of the CatWalk used for gait recording, (2) runway crossings were required to be without intermediate stops in gait. Three crossings per animal were analyzed using the CatWalk 7.1.6 software.
Data Analysis
For evaluation of mechanical withdrawal threshold at P3 and P21, the number of withdrawal responses was plotted against the mechanical stimulus (force expressed as grams on log 10 scale). A sigmoidal stimulus-response curve with nonvariable slope was constructed using nonlinear regression curve fit. The midpoint of the curve (50% effective force) was determined and designated the threshold, as previously described. 27 The effect of carrageenan on withdrawal threshold was assessed by Student paired two-tailed t test (sample normally distributed). Acute changes in behavioral thresholds at baseline and 30 min after ketamine were analyzed by twoway repeated measures analysis of variance (ANOVA), with time and treatment as variables and Bonferroni post hoc comparisons. Percentage reversal of hyperalgesia was calculated from the thresholds as: (postdose Ϫ inflamed)/(baseline Ϫ inflamed) ϫ 100. At P35, mechanical withdrawal thresholds were evaluated using the up-down method, and values were calculated as described 33 and represented as mean Ϯ SEM. Thermal withdrawal latency was designated as the mean of three values for each hindpaw. Data were normally distributed (D'Agostino and Pearson normality test), and treatment groups were compared with one-way ANOVA followed by post hoc tests for multiple comparisons. Data were analyzed using Prism version 5.0 (GraphPad, San Diego, CA). A value of P less than 0.05 was considered statistically significant.
Results

Analgesic Action of Intrathecal Ketamine
Intrathecal ketamine did not produce antinociceptive effects in rat pups. In P3 pups, mechanical withdrawal threshold did not differ from baseline 30 min after injection of saline Intrathecal ketamine produced dose-dependent antihyperalgesic effects in P3 and P21 pups. There were no significant differences across treatment groups in thresholds measured at baseline or 3 h after carrageenan (not significant one-way ANOVA with Bonferroni post hoc comparisons). At both ages, hindpaw carrageenan produced inflammatory hyperalgesia as seen by a significant reduction in mechanical withdrawal threshold 3 h after injection (P Ͻ 0.01; fig. 1A ). As baseline mechanical thresholds vary with age (1.3 Ϯ 0.07 g at P3 and 21.8 Ϯ 0.6 g at P21), analgesic effects are expressed as percentage reversal of hyperalgesia to facilitate comparison of the degree of analgesia at different ages. Thirty minutes after intrathecal injection, hyperalgesia was significantly reversed by 3 mg/kg ketamine in P3 pups and 15 mg/kg ketamine in P21 pups (P Ͻ 0.05, one-way ANOVA with Bonferroni post hoc comparisons; fig. 1B ). Figure 2 shows the effect of postnatal age (P3, P7, and P21) and treatment on the average number of Fluoro-Jade Cpositive cells in spinal cord sections. The degree of baseline apoptosis varies with postnatal age. In the saline group, the number of positive cells decreased with age (10.8 Ϯ 1.5 at P3, 6.7 Ϯ 0.7 at P7, 2.6 Ϯ 0.8 at P21; mean Ϯ SEM; P Ͻ 0.01 one-way ANOVA linear trend). We have previously shown that brief anesthesia for percutaneous injection does not influence apoptosis in the spinal cord, as cell counts did not differ between saline-injected and naïve controls. 23 In P3 pups, Fluoro-Jade C-positive cell counts were significantly increased 24 h after injection of 3 or 10 mg/kg ketamine (P Ͻ 0.05, one-way ANOVA with Bonferroni post hoc comparisons). Numbers were slightly higher 6 h after injection of ketamine 10 mg/kg but did not differ significantly from values at 24 h. After ketamine injection at P7, there was a slight increase in positive cell counts that was not statistically significant. Fluoro-Jade C-positive cells were rarely seen in sections taken at P22 (24 h after P21 injection) and were not influenced by 15 mg/kg ketamine.
Intrathecal Ketamine and Neuronal Apoptosis
Consistent results were seen using activated caspase-3 to identify apoptotic neurons ( fig. 3 ). The number of apoptotic cell profiles was significantly increased 24 h after 3 mg/kg ketamine injection and 6 and 24 h after 10 mg/kg ketamine injection in P3 pups (P Ͻ 0.05, one-way ANOVA with Bonferroni post hoc comparisons). In P7 animals, increases after ketamine injection were not statistically significant.
The majority of apoptotic cells was distributed throughout the dorsal horn of the spinal cord, and numbers in this region were significantly increased by intrathecal ketamine at P3 (fig. 4) . animals, activated caspase-3-immunopositive cell counts 24 h after intrathecal (IT) injection of ketamine 3 mg/kg (ket 3 mg/kg, n ϭ 4), ketamine 10 mg/kg (ket 10 mg/kg, n ϭ 4), and 6 h after 10 mg/kg ketamine (ket 10 [6 h], n ϭ 4) are increased compared with saline (n ϭ 6). In P7 animals, numbers do not significantly differ after administration of saline or ketamine (n ϭ 4 all groups). The number of immunopositive cells for each animal was determined from the mean counts of at least four lumbosacral spinal cord sections. Bars ϭ mean Ϯ SEM, n ϭ 4 animals each treatment group. * P Ͻ 0.05, ** P Ͻ 0.01, *** P Ͻ 0.001 one-way analysis of variance with Bonferroni post hoc comparisons versus saline.
In P3 animals, apoptotic cells were also identified in hematoxylin and eosin sections of the spinal cord, and qualitative differences were not apparent between the treatment groups. No necrosis, gliosis, or inflammation was identified. One P21 animal (15 mg/kg ketamine, 24-h survival) had focal subpial inflammation. No other histopathologic changes were seen in the P21 animals.
Intrathecal Ketamine and Glial Activation
Iba1 immunoreactivity in the spinal cord was increased 7 days after injection of intrathecal ketamine 3 or 10 mg/kg in P3 pups ( fig.  5 ). No change was apparent after ketamine injection in P21 pups.
Seven days after injection of intrathecal ketamine in P3 or P21 rat pups, there was no discernible increase in astrocyte staining as assessed by glial fibrillary acidic protein immunostaining ( fig. 6 ), and no increased gliosis was visible with hematoxylin and eosin staining.
Longer-term Functional Effects after Intrathecal Ketamine
Mechanical withdrawal thresholds were measured in the above animals prior to terminal anesthesia and spinal cord histology. Mechanical withdrawal thresholds 7 days after P3 intrathecal injection of saline (3.0 Ϯ 0.6 g; n ϭ 3), 3 mg/kg ketamine (2.8 Ϯ 0.8 g; n ϭ 4), or 10 mg/kg ketamine (2.2 Ϯ 0.5 g; n ϭ 4) did not differ significantly. Although there was a trend to a lower threshold after high-dose ketamine, the sample size was not sufficient to confirm this. Thresholds did not differ 7 days after P21 injection of saline (25.1 Ϯ 1.9 g; n ϭ 4) or 15 mg/kg ketamine (27.9 Ϯ 0.7 g; n ϭ 4).
Additional groups of animals receiving saline or ketamine at P3 or P21 were evaluated at P35. Although females were lighter than males, overall body weight did not differ across groups (P3 saline ϭ 129 Ϯ 2 g, P3 10 mg/kg ketamine ϭ 123 Ϯ 3.1 g, P21 saline ϭ 143 Ϯ 5 g, P21 15 mg/kg ketamine ϭ 136 Ϯ 3.8 g; mean Ϯ SEM; not significant oneway ANOVA). At P35, mechanical withdrawal thresholds were lower in the P3 ketamine group compared with the P3 saline group (P Ͻ 0.05 one-way ANOVA; fig. 7A ) but thermal withdrawal latencies ( fig. 7B ) did not differ in groups that had received intrathecal saline or ketamine at P3 or P21.
Gait analysis showed alterations in static parameters after injection of ketamine at P3. Both print area and print intensity were reduced at P35 after injection of ketamine at P3 (P Ͻ 0.05 one-way ANOVA with Bonferroni post hoc comparisons; table 1). Duty cycle tended to be reduced after P3 ketamine, but differences from P3 saline were not statistically significant (P ϭ 0.06). Intrathecal ketamine at P21 had no effect on gait. We have previously shown that gait parameters in saline-injected animals did not differ from age-matched naïve animals. 23 
Discussion
In this study, we established that intrathecal ketamine produces an antihyperalgesic effect in the neonatal rat, and the minimum intrathecal dose producing significant reversal of inflammatory hyperalgesia was 3 mg/kg at P3. At this and higher doses, intrathecal ketamine in the P3 rat increased neuronal apoptosis in the dorsal horn of the cord and was associated with persistent changes in spinal function, as measured by mechanical withdrawal threshold and gait parameters at 35 days. These measures permit calculation of a therapeutic ratio (toxic dose/analgesic dose) that allows comparison of the relative safety of spinally administered drugs. As acute pathology and long-term behavioral changes occur in the same dose range as the antihyperalgesic effects of intrathecal ketamine, the therapeutic ratio is less than one in the neonatal (P3) rat. In rats receiving intrathecal ketamine at P21, apoptosis was not seen, and the therapeutic index is greater than one. Here, however, dose-limiting side effects with single-bolus injections precluded evaluation of histopathology at higher doses. These results contrast with our study of intrathecal morphine 23 in which bolus intrathecal delivery of up to 300 times the minimum analgesic dose in P3 rats, and 20 times in P21 rats, produced no evidence of drug-related changes in acute spinal histopathology or chronic function. We believe that this therapeutic ratio has implications for the choice of spinal analgesic in pediatric clinical practice. 
Spinal Apoptosis
In the brain, vulnerability to the proapoptotic action of systemic NMDA antagonists varies with postnatal age and is restricted to regions displaying developmental apoptosis. 22 After MK801, the relative increase in degenerating neurons is greatest in the dentate gyrus at P0, the hippocampus and thalamus at P3, and by P7 this is also prevalent in the cortex. 22 Similarly, systemic ketamine (20 mg/kg ϫ 6 at 2-h intervals) in the P7 rat increases apoptosis in the frontal cortex, striatum, hippocampus, thalamus, and amygdala. 34 Therefore, many studies evaluating proapototic effects of ketamine have used rodents aged P7-P10. 1 Although apoptosis has been reported in the spinal cord after general anesthesia at P7, 21 the period of peak susceptibility may differ in the spinal cord. The pattern and degree of "naturally occurring cell death" or developmental apoptosis in the lumbar spinal cord change with age, as the number of apoptotic cells is highest at P0 and P2, lower at P4 and P8, and negligible by P10 35 . Similarly, in the cervical spinal cord, spontaneous apoptosis was detected at P2 to P5 and had decreased by P8. 36 This is consistent with the current findings because spontaneous apoptosis was detected at P4 (i.e., 24 h after saline injection at P3), but numbers decreased by P8 and were negligible by P22. Therefore, the period of peak susceptibility to proapoptotic drugs may occur at an earlier developmental stage in the spinal cord than in the cortex.
Antibodies to activated caspase-3, an enzyme in the apoptotic cascade, identify neurons that have progressed beyond the point of commitment to cell death, 37 and Fluoro-Jade C is a sensitive marker of neuronal degeneration. 28 Both methodologies detected similar patterns of apoptosis in the brain after systemic ketamine. 8, 34 Similarly, we used both activated caspase-3 immunohistochemistry and Fluoro-Jade C staining to confirm an increase in spinal cord apoptosis after intrathecal ketamine at P3. Apoptotic profiles were present in the saline group at P7, but numbers were lower than at P3, and increases after intrathecal ketamine were not statistically significant. After systemic ketamine, apoptosis is not temporally related to plasma levels but can be detected from 6 h, 34 and by 24 h immunoreactivity to caspase-3 may be reduced as the cell decomposes. 37 Six hours after P3 intrathecal ketamine numbers of activated caspase-3 and Fluoro-Jade Cpositive neurons were slightly higher than at 24 h, but significant increases compared with saline were seen at both time points. Systemic ketamine produces dose-dependent apoptosis in the brain of rodents after single 7, 38 and repeated doses of 20 mg/kg. 8, 22, 34 Apoptosis in the spinal cord was produced by lower ketamine doses (3 and 10 mg/kg), which may relate to higher local concentrations after intrathecal administration.
Changes in Spinal Cord Function
The degree of apoptosis in different brain regions varies after systemic ketamine. Repeated doses of 20 mg/kg ketamine (6 doses at 2-h intervals) increased activated caspase-3 positive cells by a factor of 10 in the frontal cortex and 2.5-fold in the hippocampus, 34 whereas single doses of ketamine increased cortical apoptosis by a factor of 2 after 20 mg/kg and by greater than 4 after 40 mg/kg. 7 In the spinal cord, the number of apoptotic profiles was similarly increased by a factor of 2-3 after intrathecal ketamine, and while statistically significant, the importance of the magnitude of such changes is evidently greater if associated with a persistent functional deficit. 39 For example, increased apoptosis in the hippocampus after NMDA antagonists and ␥-aminobutyric acid agonists has been associated with long-term deficits in learning and memory. 5 Sensory thresholds and motor function can be used to evaluate long-term changes in spinal cord function. After prolonged general anesthesia at P7, increased apoptosis in the cord was reported. 21 The sum of positive cells in four sections was reported, but if converted to mean values, numbers are similar to the current data in P7 pups (i.e., 1-2 positive cells per transverse section in the control group and 4 -5 cells per section after administration of nitrous oxide and isoflurane). This degree of change at P7 did not produce long-term changes in thermal tail-flick latency or motor function on the rota-rod. 21 After intrathecal injection of ketamine at P3, mechanical withdrawal threshold but not thermal latency was reduced at P35. Similarly, placement of a slow-release formulation of the NMDA antagonist MK-801 in Elvax (ethylene-vinyl acetate copolymer) over the spinal cord of P0 -1 pups 40 produced persistent changes in mechanical but not thermal sensitivity, and the degree of change was greater with this prolonged blockade. The same intervention commencing at P6 -7 did not produce long-term changes in mechanical reflex thresholds. 41 In addition to sensory thresholds, we evaluated weight-bearing and sensorimotor coordination using a gait analysis system. 31 Body weight may influence print intensity measures, but weight did not differ across the treatment groups. As the speed of gait may influence print area, stance, and swing duration, data were only included from crossings with a maximal time of 2 s without intermediate stops. Hindpaw print area and print intensity were decreased after P3 ketamine, suggesting impairments in placement of the paw on the glass during the static phase of walking. More marked decreases in hindpaw print area and print intensity suggestive of allodynia have been shown in association with pain states such as monoarthritis 42 and peripheral nerve lesions. 31 After P3 ketamine, duty cycle was decreased, as the time the hindpaw was in contact with the surface during gait was decreased, but differences did not reach statistical significance, and there were no changes in stride length. In addition, the dynamic parameters of gait regularity and stability suggested that gait coordination was not impaired. During normal development, apoptosis in the ventral horn of the spinal cord occurs prenatally, but by P2 is maximal in the dorsal horn. 43 Similarly, in this study, both numbers of apoptotic cells in the control group and increases after P3 ketamine were highest in the dorsal horn of the cord and were less marked in the ventral horn, which may reduce susceptibility to changes in motor function.
Dose-dependent Effects
It has been stated that systemic ketamine produces apoptosis and long-term dysfunction only at "nonclinically relevant" doses, as plasma levels in rodents are higher than that measured in humans during clinical anesthesia. 2 However, dose requirements are not comparable across species, and comparison of toxic and functional effects (e.g., dose to achieve specified level of anesthesia or analgesia) within the species being investigated may be more appropriate. 37 Prolonged infusion of ketamine at doses that produce a surgical plane of anesthesia increased apoptosis in P5-6 primates, 11 and apoptosis was increased by ketamine doses well below the ED 50 for anesthesia in rodents. 7 Analgesic and anesthetic dose requirements also change with postnatal age. 44, 45 Therefore, we evaluated toxic and analgesic doses of intrathecal ketamine to calculate a therapeutic ratio at different postnatal ages. Analgesia can be achieved with systemic ketamine doses lower than that required for general anesthesia, and even lower doses may be required if specific spinally mediated analgesia can be demonstrated after intrathecal administration. In adult rodents, intrathecal ketamine does not produce antinociceptive effects (i.e., changes in baseline mechanical Duty cycle ϭ ratio between stance duration and full stepcycle duration (stance phase duration/͓stance ϩ swing phase duration͔); P ϭ postnatal age; Print area ϭ surface area of floor contacted by hindpaw; Print intensity ϭ intensity of pixels forming area of paw contact; Regularity index ϭ index for degree of interlimb coordination during gait; Stability of gait ϭ distance between two hindpaws measured perpendicular to walking direction; Stride length ϭ distance between placement of hindpaw and subsequent placement of same paw.
threshold or thermal latency), although one study reported mild prolongation of thermal latency after high doses. 46 Here, mechanical thresholds did not alter from baseline after intrathecal ketamine in P3 or P21 pups. However, antihyperalgesic effects can be demonstrated in injury models in adult rats. 24, 25, 47, 48 After hindpaw carrageenan, 0.5 mg intrathecal ketamine (ϳ2 mg/kg) reversed ipsilateral mechanical hyperalgesia and had no effect on the contralateral paw. A much higher systemic dose (50 mg/kg) was required to produce the same antihyperalgesic effect, suggesting that intrathecal ketamine produces spinally mediated analgesic effects. 48 Because hindpaw carrageenan produces quantifiable inflammatory hyperalgesia in rat pups, 27 we used this injury model to evaluate dose-dependent analgesic effects of intrathecal ketamine. In P3 pups, intrathecal ketamine 0.3 mg/kg partially reduced hyperalgesia at early time points, but 3 mg/kg was required to reverse inflammatory hyperalgesia. Because this dose also produces significant apoptosis in the spinal cord, the therapeutic ratio of intrathecal ketamine at P3 is less than one. This contrasts markedly with our data after intrathecal morphine, 23 which showed a therapeutic ratio of more than 300 at the same age.
Mechanisms of Spinal Ketamine Effects
The primary action of ketamine is its noncompetitive block of the NMDA ionophore. Within the spinal cord, there are significant postnatal changes in NMDA receptor distribution and density in the rat, and developmental changes in subunit expression are associated with changes in channel kinetics and an increased calcium influx. 44, 49 This enhanced excitation may influence the potential for toxicity. Prolonged NMDA blockade, by spinal application of MK-801 in Elvax, disrupts normal maturation and produces long-term changes in the laminar 40 and somatotopic 41 distributions of primary afferent fibers, suggesting that normal maturation of spinal cord circuitry is activitydependent. The mechanisms underlying anesthesia-related apoptosis continue to be investigated, 39 and the hypothesis that cell death is solely precipitated by a reduction in synaptic activity has been questioned. 12 Ketamine has also been shown to impair dendritic growth of GABAergic neurons at lower concentrations and throughout a longer developmental period than proapoptotic effects, 50,51 but specific effects on inhibitory spinal circuitry have not been evaluated.
The potential for spinal cord toxicity after NMDA antagonists is not limited to effects on developmental apoptosis. Local toxicity has been demonstrated after intrathecal administration of ketamine in adult swine, 52 rabbits, 53,54 and dogs. 55 Although some studies have attributed changes to the preservative, 52 ,56 administration of preservative-free S-ketamine for 7 days produced necrotizing lesions with cellular infiltrates in the cord, 54 and a 28-day infusion of preservative-free racemic ketamine produced pathologic changes ranging from mild inflammation and demyelination to marked necrosis. 55 Postulated mechanisms for spinal toxicity in adults include excitotoxicity, loss of the trophic role of NMDA receptors, and metabolic alterations in central nervous system levels of glutathione, glutamine, and glutamate. 54, 55 It has alternately been suggested that, at high concentrations associated with intrathecal delivery, agents may form micelles that act as detergents and as such can have a direct damaging effect on spinal cell membranes. 57 Similar histopathologic effects may also become apparent with repeated dosing or infusion in younger animals, but in this study, we used a single percutaneous administration of a higher dose of NMDA antagonist to avoid the confounding effects of surgery and catheter placement in small animals. Single doses of ketamine did not produce histopathologic changes evident with light microscopy in P3 or P21 rats. However, neuronal apoptosis was increased by intrathecal ketamine, and this was associated with increased microglial activation 7 days later and with changes in sensory threshold and gait several weeks later. This emphasizes the importance of evaluating spinal toxicity in specific developmental models that include age-appropriate outcomes.
It has been postulated that apoptosis would be less marked when analgesia or anesthesia is used to balance the increased afferent input associated with intercurrent pain or surgery. 2 After repeated hindpaw injections of formalin (each paw daily from P1 to P4) with or without ketamine (2 doses of 2.5 mg/kg daily P1 to P4), apoptosis in the cortex was increased in formalin only but not in ketamine only or ketamine plus formalin groups. 58, 59 However, ketamine was administered at an earlier postnatal age and at doses lower than associated with apoptosis in the brain in other studies. Further evaluation of dose-dependent proapoptotic effects in different injury models is warranted.
Clinical Implications
Pediatric clinical studies report prolongation of analgesia with addition of ketamine to caudal local anesthetic, 13 and a reduction in the proportion of infants requiring acetaminophen (paracetamol) postoperatively. [17] [18] [19] [20] 60 Although such studies provide evidence of an analgesic effect, the relative benefit of a reduction in postoperative acetaminophen may be outweighed by any potential risk of toxicity related to caudal ketamine. It has also been noted by authors that "conclusive safety studies will be required before this technique can be recommended for clinical practice," 61 and "as yet, no permanent neurologic injury has resulted from single-shot caudal ketamine use, but caution is warranted." 18 Although many have focused on effects of preservatives, toxicity has been associated with prolonged use of preservative-free solutions in adults, and, in addition, we have now demonstrated increased apoptosis and long-term functional effects after preservative-free intrathecal ketamine in early development.
Translation of developmental ages from rodents to humans continues to be debated. Vulnerability to apoptosis in the brain coincides with rapid synaptogenesis or the brain growth spurt, which occurs predominantly in the first 2 postnatal weeks in the rodent but may extend from midgestation to several years after birth in the human infant. 62 As peak apoptosis occurs at an earlier age in the spinal cord (P3 rather than P7) than the cortex, the period of susceptibility to proapoptotic drugs may be shorter, but confirmation of the critical period for long-term functional effects will require further studies at ages between P3 and P21. In terms of spinal processing, many approximate a P3 rat with a preterm-term human neonate, P7 with an infant, P21 with an adolescent, and P35 with young adulthood, although ongoing structural and functional changes in synaptic function in the spinal cord occur throughout the first 3 postnatal weeks in the rat. 44, 63 As the therapeutic ratio of ketamine is relatively narrow in the current neonatal rodent study and in several adult species, in the absence of definitive negative pathology and detailed follow-up in clinical studies, there is little to recommend this drug over alternative analgesics for routine perioperative analgesia in children. 16 Although the majority of caudal ketamine studies have been conducted in children aged from 6 months to 12 yr, 13, 64 some studies have included neonates and infants, 18 -20 who are likely to be at increased risk of developmental neuroapoptosis. A reduction in the use of caudal ketamine has already occurred in many pediatric centers. 65 In conclusion, the studies with ketamine in this report and morphine in the accompanying article provide support for the assertion that this neonatal model is capable of defining the relative degree of safety and toxicity of different spinal analgesics by comparing the minimum dose-producing acute histopathology and persistent changes in function with the minimum dose that produces a "therapeutic" effect. The denominator was the spinal dose that alters acute nociception (e.g., opioid receptor agonism) or hyperalgesia (e.g., NMDA antagonism). These represent the optimal expression of the principle mechanisms through which each drug (class) acts. This ratio must only be considered as an estimate of the safety of a given agent relative to another agent, given by that route, at the same postnatal age. Here, we are able to say that morphine has no effect at doses that far exceed those required for antinociception, which is believed to reflect the clinical analgesic effect. In contrast, preservative-free ketamine even at doses required to produce an appropriate analgesic endpoint produced acute apoptosis and evidence of persistent changes in function. Further studies will be required to define a ratio for other agents of the same class or different classes (e.g., ␣ 2 -adrenergic agonists) of drugs for which spinal delivery has significant therapeutic advantages. As previously discussed, 23 evaluation of local anesthetic toxicity will require assessment of effects at additional sites of action, such as nerve roots, in addition to the spinal cord. Ongoing work is required to provide additional validation of the predictive validity of this preclinical model as a marker of safety and toxicity.
